The rpsl2 gene in tobacco chloroplasts consists of three exons that code for a polypeptide with homology to Escherchia coli ribosomal protein S12. C-terminal exons 2 and 3 of rps12 are located in the inverted repeat regions of the tobacco chloroplast genome. Exon 1 of ips12 is 29 kilobase pairs downstream of the nearest copy of exons 2 and 3 and 69 kilobase pairs away from the distal copy of exons 2 and 3. RNA gel blot hybridization analysis and primer extension sequencing of cDNA to rps12 encoding RNAs indicate that exon 1 and exons 2 and 3 are encoded on separate transcripts. Exon 1 and exons 2 and 3 are covalently ligated in the correct reading frame in rpsl2 mRNA. These results indicate that a bimolecular (trans-) splicing event occurs during the formation of mature rpsl2 mRNA.
The rpsl2 gene of tobacco chloroplasts encodes a chloroplast ribosomal protein that is homologous to Escherichia coli ribosomal protein S12. C-terminal exons 2 and 3 of rpsl2 ( Fig. 1 ) are in the inverted repeat regions of the tobacco chloroplast genome (1, 2) . Analysis of primary sequence (1, 3) , and of possible secondary structure (2) , suggested that an intron was present upstream of exon 2 (1, 2) . Exon 1 of rpsl2 was identified (4) 29 kilobase pairs (kbp) downstream from the nearest copy of exon 2, and 69 kbp from the distal copy of exon 2 in the tobacco chloroplast genome (Fig. 1) . Following codon 38 of rpsl2 exon 1 is a 5'-consensus intron splice boundary sequence (1, 3) of 5' GTGCG 3' (4) .
Electron microscopic analysis of DNARNA hybrids identified several RNA species that hybridized to the rpsl2 exon 1 coding region and that have 5' ends positioned at various distances upstream of exon 1 (5) . Distinct RNA species hybridized to a cloned fragment from the rpsl2 exon 2-3 locus (5) . Another class of RNA molecules contained exon 1 directly ligated to exon 2 (5) . The splice junction between exon 1 and exon 2 has been determined by cDNA sequencing of rpsl2 mRNA (6) . These results suggest that rpsl2 exon 1 and exons 2-3 are separately transcribed and that the separate transcripts undergo a bimolecular (trans-) splicing reaction during the formation of mature rpsl2 mRNA.
We present a characterization of the expression of the rpsl2 loci of Nicotiana tabacum chloroplast DNA. We show that exon 1 of rpsl2 is ligated, in the correct reading frame, to exon 2 of mature rpsl2 mRNA. RNA $To whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. .jr 53 RNA (1 mg per gradient) was size-fractionated on 11.6-ml 5-25% sucrose gradients (in 100 mM NaCI/10 mM Tris HCl, pH 7.4/1 mM Na2EDTA). Centrifugation was at 220C in an SW 41 rotor for 16 hr at 28,000 rpm. Aurincarboxylic acid was removed from RNA by chromatography on a 6.5-ml Sephadex G-25 (Pharmacia) column. The elution buffer was 0.1 M NaOAc, pH 5.2/0.1% NaDodSO4.
Primer (1 x SSC is 150 mM NaCl/15 mM sodium citrate, pH 7), 0.1% NaDodSO4, 6 x NET (1 x NET is 150 mM NaCl/1 mM Na2EDTA/15 mM Tris HCI, pH 8.0), and degraded herring sperm DNA at 200 ug/ml (Sigma). Hybridizations were at 420C for 24 hr in a solution of 50% (vol/vol) formamide, 2 x Denhardt's solution, 0.1% NaDodSO4, 6 x NET, degraded herring sperm DNA at 100 ,ug/ml, and probe at 3 ng/ml. Filters were washed twice for 15 min at room temperature in 2 x SSC, 0.1% NaDodSO4, and twice at room temperature in 0.1 x SSC/0.1% NaDodSO4. The filters were autoradiographed at -80°C, using Kodak XAR-5 film.
RESULTS
In-Frame Ligation of Exons 1 and 2 in rps12 mRNA. Primer-extension dideoxy sequencing of size-fractionated chloroplast RNA revealed that exon 1 and exon 2 are ligated in mature rpsl2 mRNA (Fig. 2) . The correct reading frame is maintained across the exon 1-2 splice junction, in agreement with results of Zaita et al. (6) . 5' Ends of RNAs Encoding rpsl2 Exon 1 and Exon 2-3/rps7. Exons 2 and 3 of rpsl2 and rps7 are cotranscribed (2). Separate 5' ends of RNAs encoding rpsl2 exon 1 and exon 2-3/rps7 were identified by primer extension cDNA sequencing (Fig. 3) .The 5' end of an rpsl2 mRNA species was located 52 nucleotides upstream of the initiation codon for exon 1 (Fig. 3 Upper Left) . This result locates the transcription start most likely nearest exon 1 (5) . The start of transcription for rpsl2 exon 2-3/rps7 was identified 1241 or 1242 nucleotides upstream of the 5' end of rpsl2 exon 2 ( Fig.  3 Upper Right). The length of the exon 2-3/rps7 primary transcript is :2800 nucleotides, based on our determination of the 5' end of this transcript and the heteroduplex analysis of Fromm et al. (2) .
The 5' end of the rpsl2 mRNA species begins downstream of typical (11, 12) chloroplast consensus promoter "-35"
and "-10" sequences (Fig. 3 Lower). The sequence of the -10 region of the exon 2-3/rps7 primary transcript is very similar to that upstream of exon 1 (Fig. 3 Lower) . However, a possible -35 sequence for the exon 2-3/rps7 transcript has less homology and an altered location relative to other chloroplast -35 sequences (11, 12) .
RNA Gel Blot Analysis of rps12 Transcripts and Processing
Intermediates. Transcripts encoding rpsl2 exon 1, and rpsl2 exon 2-3/rps7, and several RNA species that arise during their processing have been identified by RNA gel blot analysis (Fig. 4) . Bands a and b (>3500 nucleotides) probably correspond to the highest molecular weight transcripts from the exon 1 coding region (5). Band g (>3000 nucleotides long), which hybridizes to rpsl2 exon 2 and 3, rpsl2 intron 1 and 2, and rps7 probes, corresponds to the exon 2-3/rps7 primary transcript. Band h (2400 nucleotides) corresponds to a transcript of rpsl2 exon 2-3/rps7 from which intron 2 has been excised. Bands c and d (specific exon 1 probe) are of similar molecular weight to bands g and h. Since RNA species containing both exons 1 and 2 separated by intervening sequences were not observed by Koller et al. (5), bands c and d probably correspond to transcripts from the exon 1 coding region. Band e (1560 nucleotides) hybridizes to all three rpsl2 exons and rps7 but not to the intron-specific probes, as expected for a mature dicistronic rpsl2/rps7 mRNA. This has been confirmed by cDNA sequence analysis of size-fractionated RNA (Fig. 2 and unpublished  results) . Band f (exon 1 probe) represents the lowest molecular mass (1260 nucleotides) RNA species detected containing exon 1. The 5' end of this species probably corresponds to the 5' end of an rpsl2 mRNA determined by cDNA sequencing (Fig. 3 Upper Left). Band k may correspond to a processing product of the rpsl2 exon 2-3/rps7 transcript (5). Band 1 (specific intron 1 probe) corresponds roughly in length (1170 nucleotides) to the sequence between exon 2 and the 5' end of the rpsl2 exon 2-3/rps7 primary transcript. Band i is unique to the intron 2 specific probe (2-55). Band j (intron 2 probe) migrated at =z1620 nucleotides. No RNA of molecular weight corresponding to excised linear intron 2 (536 nucleotides) was detected. Further work is required to determine if band j might be a circular or lariat form of excised intron 2.
DISCUSSION
Evidence for Trans-Splicing of rps12 Transcripts. We have determined that the rpsl2 gene is expressed as mature mRNA (Fig. 4 , band e) in tobacco chloroplasts, with exon 1 ligated to exon 2 in the correct reading frame (Fig. 2) . Mature rpsl2 mRNA could result from the processing of a 127-kilobase primary transcript, originating upstream of exon 1 and proceeding through the nearest copy (same DNA strand) of exon 2-3/rps7. However, many genes that would be encompassed by such a transcript have defined transcript sizes consistent with the location of their putative promoters B Biochemistry: Hildebrand et aL and terminators (13) , suggesting that transcription would not proceed through them. Distinct transcriptional starts for exon 1 and exon 2-3/rps7 were identified by cDNA sequencing. An RNA species corresponding to the rpsl2 exon 2-3/rps7 primary transcript was identified (Fig. 4, band g ). RNA species of distinct size from the exon 1 coding region have been identified by RNA gel blot (Fig. 4 , bands a-d and f) and heteroduplex (5) analyses. These results are consistent with separate transcriptional events occurring for exon 1 and exons 2-3. Therefore, we conclude that the expression of the tobacco chloroplast rpsl2 gene involves (i) separate transcriptional events for exon 1 and exons 2-3/rps7, (ii) a trans-splicing event, and (iii) other RNA processing to form mature rpsl2 mRNA.
Transcription Initiation and/or Processing Sites of ips12 Encoding RNAs. The 5' end of an RNA species encoding rpsl2 exon 1 (Fig. 3) begins downstream of a consensus chloroplast promoter sequence (11, 12) . Several other exon 1-containing RNA species (Fig. 4, bands a-d) were observed that may have 5' ends upstream of this site, as suggested by heteroduplex analysis (5) . It is unclear whether these RNA species arise from separate transcription events or from processing of larger transcripts. Several processing and/or transcription initiation sites have also been identified in the rpsl2 exon 2-3/rps7 region (5) .
Different putative promoter sequences are located upstream of the initiation sites for transcription of the exon 1 and exon 2-3/rps7 coding loci (Fig. 3) . Regulation of the levels of rpsl2 transcripts could be achieved through different promoter strengths for the two parts of the gene. Direct measurements of promoter strengths and transcript levels are required to test this hypothesis.
Trans-Splicing as a Possible Means of Gene Evolution. The exon-shuffling model of gene evolution proposes that gene segments encoding structural domains of a protein (exons) are moved by genomic rearrangements into other genes (14, 15 (16) . Eventual reverse transcription of the trans-spliced or mature RNA into DNA, followed by insertion into the genome (17, 18) , could result in the two parts of a gene becoming regulated under the same transcriptional control. Trans-splicing of RNA encoding rpsl2 exon 1 with transcripts from other genes could allow for chloroplast polypeptide variability; however, the complexity of the RNA gel blot hybridization data (Fig. 4) precludes determination of whether this occurs.
SUMMARY
The results presented here document an example of a biologically occurring trans-splicing event involving the translated regions of a gene. The RNA gel blot hybridization results (Fig. 4 ) and other data (5) indicate that processing of rpsl2 transcripts produces a complex mixture of RNA species. Further characterization of the molecular species involved in rpsl2 transcription and processing is necessary to permit elucidation of the mechanism of trans-splicing and the maturation of rpsl2 mRNA.
